We present chemical abundance measurements for 19 damped Lya systems observed with the highresolution echelle spectrograph (HIRES) on the 10 m W.M. Keck Telescope. We perform a detailed analysis of every system, deriving ionic column densities for all unblended metal-line transitions. Our principal goal is to investigate the abundance patterns of the damped systems and thereby determine the underlying physical processes that dominate their chemical evolution. We place particular emphasis on gauging the relative importance of two complementary e †ects often invoked to explain the damped Lya abundances (1) nucleosynthetic enrichment from Type II supernovae and (2) an interstellar mediumÈlike (ISM-like) dust-depletion pattern. Similar to the principal results of Lu et al., our observations lend support both for dust depletion and Type II supernova (SN) enrichment. SpeciÐcally, the observed overabundance of Zn/Fe and underabundance of Ni/Fe relative to solar abundances suggest signiÐcant dust depletion within the damped Lya systems. Meanwhile, the relative abundances of Al, Si, and Cr versus Fe are consistent with both dust depletion and Type II supernova enrichment. Our measurements of Ti/Fe and the Mn/Fe measurements from Lu et al., however, cannot be explained by dust depletion and indicate an underlying Type II SN pattern. Finally, the observed values of [S/Fe] are inconsistent with the combined e †ects of dust depletion and the nucleosynthetic yields expected for Type II supernovae. This last result emphasizes the need for another physical process to explain the damped Lya abundance patterns. We also examine the metallicity of the damped Lya systems both with respect to Zn/H and Fe/H. Our results conÐrm previous surveys by Pettini and collaborators, i.e., [SZn/HT] \ [1.15^0.15 dex. In contrast with other damped Lya surveys at z [ 1.5, we do not formally observe an evolution of metallicity with redshift, although we stress that this result is based on the statistics from a small sample of high-z damped systems.
INTRODUCTION
The damped Lya systems dominate the neutral gas content of the universe and at high redshift are widely believed to be the progenitors of present-day galaxies (Wolfe et al. 1995) . Therefore, one can directly measure the chemical evolution of the early universe by tracing the chemical abundances of the damped systems. Pettini and his collaborators have performed the most extensive surveys on the metallicity of the damped Lya systems to date (Pettini et al. 1994 (Pettini et al. , 1997 . Working on the premise that one can measure accurate column densities of Zn`and Crf rom unresolved line proÐles, they have successfully observed over 30 damped Lya systems with the AngloAustralian, William Herschel, and Hale Telescopes. Their results indicate a mean metallicity of Zn/H B 1/10 solar abundance with a notably large dispersion. These measurements indicate that the damped systems are chemically young at z [ 2 and lend further support to the interpretation of damped systems as the progenitors of modern galaxies (e.g., Malaney & Chaboyer 1996) . In addition to an analysis of Zn, Pettini et al. performed accurate measurements of N(Cr`) aided by the coincidence in wavelength of the strongest metal-line transitions for the two species.
Comparing the relative abundances of Cr and Zn, they noted an underabundance of Cr to Zn relative to solar abundances (a typical value2 is [Cr/Zn] B [0.5 dex). In the interstellar medium (ISM), Cr is signiÐcantly depleted onto dust grains, whereas Zn is only lightly depleted. Therefore, Pettini and others have argued that the relative underabundance of Cr to Zn is indicative of dust in the damped Lya systems. They also point out that the Cr/Zn measurements imply a dust-to-gas ratio much lower than that observed in dusty ISM regions where typical values for [Cr/Zn] are less than [1.0 dex. Establishing the level of dust depletion in damped Lya systems is very important, since dust could signiÐcantly bias the results from the damped Lya surveys against highÈN(H I) systems (Fall & Pei 1993) . More recently, Lu et al. (1996) have o †ered an alternate interpretation for the abundance patterns of the damped systems. Unlike the Pettini et al. sample, Lu et al. measured abundances for a large number of elements including Zn, Cr, Fe, S, N, O, Si, Ni, and Mn with the high-resolution echelle spectrograph (HIRES) on the 10 m W.M. Keck Telescope. The primary result of their analysis is that the damped Lya systems exhibit abundance patterns typical of nucleosynthetic yields for Type II supernovae. The telltale signature of Type II supernova (SN) enrichment is the overabundance of a-process elements (e.g., Si and S) relative to Fe. Empirical measurements of the abundance patterns for Type II SNe are commonly derived from the metal-poor halo stars (Evardsson et al. 1993 ) that presumably were primarily enriched by Type II supernovae. As expected for Type II SN abundances, Lu et al. found an overabundance of Si/Fe in every case and further noted that the relative abundances of Fe, Cr, Mn, N, O, and S all match the metalpoor halo star observations. Furthermore, Lu et al. stress that the measured ratios of Mn/Fe and N/O cannot be Although it is possible to theoretically explain the observed overabundance of Zn relative to Fe as a natural consequence of Type II supernova enrichment (Ho †man et al. 1996) , the halo star observations pose a signiÐcant problem. Several authors have interpreted the observed abundance patterns by combining the e †ects of dust depletion and Type II SN enrichment Kulkarni, Fall, & Truran 1997 ; Vladilo 1998 ), but their e †orts have been largely unsuccessful. They have had particular difficulty in matching both the [Zn/Fe] and [Mn/Fe] patterns observed in the damped systems. Developing a consistent explanation for all of the abundance patterns remains an outstanding problem. In this paper we investigate these issues with observations of 19 damped Lya systems, including two systems previously observed by Lu et al. (1996) . Building on the abundance results from Prochaska & Wolfe (1996 , 1997a , we derive ionic column densities for all of the unblended metal-line transitions comprising our damped Lya sample. In turn, we look for abundance patterns similar to those observed in the Lu et al. (1996) sample and interpret these results in the light of dust depletion. Finally, we investigate the evolution of the observed metallicity of the damped Lya systems with increasing redshift.
In°2 we summarize the observational sample and data reduction techniques. The individual damped systems are brieÑy discussed in°3, and measurements of the ionic column densities and velocity plots of the metal-line transitions are presented. Section 4 discusses the observed abundance patterns of the damped Lya systems. Finally, the metallicity of the damped Lya systems is investigated in°5, and a brief summary is given in°6.
2. OBSERVATIONAL SAMPLE Table 1 presents a journal of our observations. In addition to exposure times and dates, we estimate the typical signal-to-noise ratio per pixel (S/N) and resolution of the spectra and include the emission redshift of the quasar. z em All of the data were acquired with HIRES (Vogt 1992 ) on the 10 m W.M. Keck I telescope. The data were reduced with the HIRES software package developed by T. Barlow. This package converts the two-dimensional echelle images to fully reduced, one-dimensional wavelength-calibrated spectra. We then continuum Ðtted these spectra with a program similar to the IRAF package continuum and optimally co-added multiple observations. The QSOs in our observational sample all have at least one known intervening damped Lya system. The systems exhibit a range of N(H I) values and absorption redshifts
In several cases, we have identiÐed addi-(z abs \ 1.8È4.2). tional metal-line systems with very large ionic column densities that suggest that they are damped systems. In the following, however, we restrict our analysis to systems with measured H I column density, N(H I) [ 2 ] 1020 cm~2. The metal-line transitions are identiÐed by composing velocity plots of the absorption lines listed in Table 2 at the known redshift of the damped system and then correlating the proÐles by eye. We performed a systematic search for other metal-line systems toward each QSO to account for possible line misidentiÐcation and blending. The data are presented in the following section.
IONIC COLUMN DENSITIES
All of the ionic column densities presented in this section were derived with the apparent optical depth method (AODM ; Savage & Sembach 1991) . Savage & Sembach (1991) have stressed that measuring column densities by Ðtting multiple Voigt proÐles to the line proÐles does not always account for hidden saturated components. They introduced a technique to correct for hidden saturation by comparing the apparent column density for multiple N a transitions from a single ion. The analysis involves calculating for each pixel from the optical depth equation where f is the oscillator strength, j is In Wolfe et al. (1994) and Prochaska & Wolfe (1996 , 1997a we showed that the damped Lya proÐles are not contaminated by hidden saturation. Furthermore, we demonstrated that the column densities derived with the AODM agree very well with line-proÐle Ðtting, which should give a more accurate measure of the ionic column densities when hidden saturation is negligible. As the AODM is easier to apply to a large data set, we have chosen to use this technique to measure the ionic column densities for the damped Lya sample. Throughout the paper we adopt the wavelengths and oscillator strengths presented in Table 2 compiled by Morton (1991) , Tripp, Lu, & Savage (1996), and & Federman (1998) . Zsargo Tables 3È21 present the results of the abundance measurements, including an estimate of the 1 p error. For those transitions where the proÐle saturates (i.e., in at I i /I a \ 0.01 least one pixel), the column densities are listed as lower limits. The values reported as upper limits are 3 p upper limits. We warn the reader of two points : (1) logarithmic errors are misleadingly small (e.g., a 0.1 dex error is B25% for a 13 dex measurement) and (2) we have ignored continuum error in our analysis, which could signiÐcantly a †ect measurements of very weak transitions. In the following subsections we comment brieÑy on each of the damped Lya systems, plot all of the identiÐed metal-line transitions, and discuss the adopted N(H I) values. We note which systems are members of the Large Bright QSO Survey (LBQS) sample (Wolfe et al. 1995) and advise the reader the refer to that paper for further details. In the velocity plots, v \ 0 is chosen arbitrarily and corresponds to the redshift listed in the Ðgure legend. We indicate regions where blends with other transitions occur (primarily through blends with other metal-line systems or the Lya forest) by plotting with dotted lines.
3.1. Q0000 [26, z \ 3.390 This high-redshift damped Lya system has been previously observed with HIRES , and we adopt log N(H I) \ 21.41^0.08 based on that analysis. It is a member of the LBQS (Wolfe et al. 1995) statistical sample, Figure 1 , and the derived ionic column densities are listed in Table 3 . As our spectral coverage did not include Fe II j1608, the Fe abundance is based solely on Fe II j1611, which is a very weak transition and has a relatively low S/N. Interestingly, we Ðnd N(Fe`) to be signiÐcantly higher than the lower limit derived from the Fe II j1608 transition reported by Lu et al. (1996) , which may be the result of an error in the continuum Ðt to our proÐle. We Ðnd N(Si`) to be signiÐcantly higher as well, however, both from the direct measurement of the Si II j1808 transition and by Ðtting a Voigt proÐle to the saturated Si II j1526 proÐle. We therefore note that Lu et al. (1996) may have signiÐcantly underestimated the true metallicity. At the same time, we observe that the N(Ni`) measurement coincides with the Lu et al. results. Because we have no unblended, unsaturated high-S/N proÐles for this system we have not included it in the kinematic analyses thus far (Prochaska & Wolfe 1997b ; Wolfe & Prochaska 1998 ; Prochaska & Wolfe 1998). 3.2. Q0019 [15, z \ 3.439 This damped Lya system comes from the high-redshift survey by Storrie-Lombardi et al. (1996) , and the adopted log N(H I) \ 20.9^0.1 was taken from recent Keck measurements of Storrie-Lombardi & Wolfe (1999) . Although our observations covered Lya for this system, the proÐle extends over two echelle orders and an accurate measurement of N(H I) proved impossible. Figure 2 shows the metal-line transitions and Table 4 presents the measurements for this system. The Fe abundance is based on the marginally saturated Fe II j1608 proÐle, yet should be reasonably accurate. The Ni II lines are very weak and in poor S/N regions, so these measurements are not reliable. The same is true for the Si measurements, although to a lesser extent. Note that all of the high-ion proÐles are blended with other metal-line transitions or Lya forest clouds.
The majority of our results on PHL 957 (Q0100]13) were published by Wolfe et al. (1994) . The major exception is that we now present a measurement of the Fe abundance based on the previously unidentiÐed Fe II j1611 proÐle. Also, we measure column densities in light of new f and j values, in particular those for the Cr II and Ni II transitions. Note that the O abundance is based on the very weak O I j1355 proÐle and we report it as a 3 p upper limit. Figure 3 presents the velocity plots and Table 5 lists the measured ionic column densities for this system. This damped system is included in the statistical sample of the LBQS survey. Table 6 gives the measured column densities, and Figure 4 plots the metal lines. In the following analysis, we assume log N(H I) \ 20.5^0.1 (Wolfe et al. 1995) . As with PH 957, the O abundance is based on the statistically insigniÐ-cant O I j1355 proÐle and provides a very conservative upper limit. Finally the Al abundance is derived from the Pettini et al. (1994) . This is one of the few systems where we have an estimate of N(S`), although we note that S II j1259 is partially blended with the Lya forest and should be considered an upper limit to the true S abundance, N(S`) \ 1014.73 cm~2. We discuss the S/Fe ratio in detail below, noting here that the value has particular impact on interpreting the abundances of the damped Lya systems with respect to Type II SN enrichment and dust depletion. The system is also notable for the easily identiÐable excited Ðne-structure C II* j1335 transition. Unfortunately, the C II j1334 proÐle is so heavily saturated that no meaningful comparison can be made with the Ðne-structure transition. Finally, we observe a very low Ni abundance for this system, [Ni/H] \ [2.37 dex, which implies [Ni/Fe] \ [0.5 dex, which may be difficult to explain within the leading explanations for the damped Lya abundance patterns. Table 7 gives the measured column densities, and Figure 5 plots the metal lines.
3.6. Q0458[02, z \ 2.040 This damped Lya system is "" famous ÏÏ for exhibiting H I 21 cm absorption. In particular, Briggs et al. (1989) have used VLBI radio observations to place a lower limit on its size of 8 kpc. In our analysis we adopt log h 100 1 N(H I) \ 21.65^0.09 taken from Pettini et al. (1994) . A plot of the metal-line proÐles is given in Figure 6 , and Table  8 lists the column densities. Note that the C II* j1335 proÐle is heavily saturated. Assuming that the excited Ðne-2P 3@2 structure state is populated by e~collisions and N(C`) \ 1017 cm~2 (which follows by assuming [C/ H] \ [Zn/H]), the limit on N(C II*) indicates n e [ 0.1 cm~3. The system, with one of the highest measured N(H I) values, must have a high neutral fraction, which implies cm~3. Because Fe II j1608 is saturated, we base the n H [ 0.1 Fe abundance on the Fe II j1611 transition. Finally, we note that the Zn II j2026 proÐle is blended with an unidentiÐed line at v [ 20 km s~1 and therefore the AODM was applied only to v \ ]20 km s~1.
3.7. Q0841]12, z \ 2.375 and z \ 2.476 The damped Lya systems toward this BL Lac object were Ðrst identiÐed by C. Hazard and were subsequently analyzed by Pettini et al. (1997) . We take N(H I) \ 20.95^0.087 for the system at z \ 2.375 and N(H I) \ 20.78^0.097 for the system at z \ 2.476 (Pettini et al. 1997) . For the system at z \ 2.476, Si II j1808 is blended with the Al III j1862 transition from the z \ 2.375 system and may be contaminated by a sky line. Therefore, we adopt a lower limit to N(Si`) from the saturated Si II j1526 proÐle. Finally, we obtain an upper limit measurement for N(Zn`) for this system, which is a signiÐcant improvement over previous e †orts (Pettini et al. 1997 ).
3.8. Q0951[04, z \ 3.857 and z \ 4.203 The QSO Q0951[04 from the survey by StorrieLombardi et al. (1996) has two intervening damped Lya systems, both at very high redshift. The velocity plots and measurements for the z \ 3.857 system are given in Figure 9 and Table 11 , whereas those for the z \ 4.203 system are presented by Figure 10 and Table 12 . We adopt log N(H I) \ 20.6^0.1 for the system at z \ 3.857 and log N(H I) \ 20.4^0.1 for the system at z \ 4.203, based on recent Keck measurements (Storrie-Lombardi & Wolfe 1999) . Because all of the column densities are based on either marginally saturated proÐles or weaker, low S/N proÐles, all of these measurements are somewhat tentative. In fact, we consider the limits on N(Fe`) for the system at z \ 4.203 to be too conservative to include this system in the abundance analysis. Finally, we note that the feature at v \ 180 km s~1 in the Ni II j1370 proÐle for the z \ 3.857 system may be an unidentiÐed blend, although it nearly coincides with a strong feature in the Si II j1526 proÐle. 3.9. Q1215]33, z \ 1.999 This radio-selected damped system (Wolfe et al. 1986 ) was observed as part of the commissioning run for the HIRES instrument and is a member of the LBQS statistical sample. In the following analysis we assume log N(H I) \ 20.95^0.067 based on observations by Pettini et al. (1994) . Figure 11 presents a plot of the metal-line tran- sitions, and the ionic column densities are listed in Table 13 . Since the Fe II j1608 proÐle is saturated and the Fe II j1611 transition is marginally detected, we establish only a lower limit to N(Fe`). We will include this system in the abundance analysis, however, by adopting log 10[N(Fe`)] \ 14.648^0.033 based solely on the Fe II j1608 proÐle, noting that this value may be an underestimate.
3.10. Q1331]17, z \ 1.776 This famous damped Lya system that exhibits 21 cm absorption (Wolfe & Davis 1979) has been studied by a number of authors (over 100 papers), yet never with the quality of data presented here (FWHM resolution B6 km s~1 and S/N [ 50). Table 14 lists the column densities for the metal-line transitions, and Figure 12 plots their proÐles. We assume log N(H I) \ 21.176^0.041 (Pettini et al. 1994 ). The S/N is excellent throughout the entire spectrum, which yields very accurate column density measurements. This is one of the very few systems where C I absorption is detected, and Songaila et al. (1994) have used measurements of the C I proÐle to estimate the cosmic background temperature at z \ 1.776. Consider the feature at v \ ]20 km s~1, which is fully resolved in the C I proÐles, barely resolved in the ZnT proÐles, and unresolved in the stronger transitions even at 6 km s~1 resolution. This suggests that the gas in this component is at a temperature T \ 6000 K. Although this system may be atypical because it is one of the few damped systems to exhibit C I absorption, it is worth noting that a majority of observed damped Lya proÐles may be the result of the superposition of many narrow components.
3.11. Q1346 [03, z \ 3.736 This very high z damped Lya system was taken from the survey of Storrie-Lombardi et al. (1996) . We present the velocity plots and column densities in Figure 13 and This system and the adopted N(H I) \ 20.8^0.1 are taken from an ongoing survey by I. Hook. Figure 14 presents the velocity plots, and Table 16 gives the measurements. The QSO is very bright and was observed at FWHM B 6 km s~1 resolution. We expect that all of the measured abundances are very accurate with the exception of N(Zn`) where the Zn II j2026 proÐle is blended with sky lines. Although the strongest feature appears unblended, we have chosen not to include Zn in the abundance analysis.
3.13. Q2230]02, z \ 1.864 Figure 15 presents the velocity plots for the damped Lya system toward Q2230]02, and Table 17 lists the measured ionic column densities. We adopt log N(H I) \ 20.85^0.084 (Pettini et al. 1994 ) for this LBQS damped system. We have wavelength coverage of 28 metalline transitions and have determined accurate column densities for the majority of them. This system is notable for a 4 p detection of N(Ti`). There are two Ti II transitions at 1910 with similar oscillator strengths and the proÐles cannot A be disentangled. Following the analysis presented in Prochaska & Wolfe (1997a), we integrate over the entire N a velocity region associated with the Ti II transitions and use a reduced oscillator strength, f * 4 ( f 1 2 ] f 2 2)/( f 1 ] f 2 ) \ 0.0862, to calculate N(Ti`). There is another difficulty in determining the Ti`column density for this system. An emission-line feature lies just blueward of the Ti II proÐles and causes problems in determining the continuum level. This leads to a systematic error estimated at 0.1 dex.
The proÐle for the low-ion transitions is comprised of three primary features whose relative optical depth apparently varies from transition to transition. For instance, the central feature is the strongest in the Si II j1808, Cr II j2062, Cr II j2066, and Zn II j2026 proÐles and the weakest in the Fe II j2260 and Cr II j2056 transitions. Although di †erences in the level of dust depletion could account for some of the variations, it would be impossible to explain the di †erences for a single ion (e.g., the Cr II transitions). The most likely explanation is that this central feature is a very narrow componentÈnot fully resolved at our resolutionÈwhose relative optical depth varies signiÐcantly with the strength of the transition. Finally, this system is notable for the presence of a nearby metal-line system at B[550 km s~1, which shows multiple metal transitions (Fig. 16) . The subsystem exhibits ionic column densities typical of a damped Lya system and its Al`/Al``\ 2.6 ratio indicates that the system is nearly neutral. Therefore, it is almost certainly contributing to the measured N(H I) for this system, which would mean that we are underestimating the metallicity of the system at z \ 1.864. Because the nearby system exhibits ionic column densities at less than 10% of the damped system, we have chosen to ignore its e †ects in our abundance analysis.
3.14. Q2231[00, z \ 2.066 This LBQS system is another damped Lya system exhibiting signiÐcant (5 p) Ti II j1910 absorption. As in the damped Lya system toward Q2230]02, the Ti II proÐles overlap, hence we use the technique outlined above to determine N(Ti`). Throughout the analysis we adopt log N(H I) \ 20.56^0.1 (Pettini et al. 1994 ). The velocity plots are given in Figure 17 , and the column densities are presented in Table 18 . This is the other system in our data sample that was previously observed by Lu et al. (1996) . We Ðnd our measurements match theirs in nearly every case, although their analysis did not include Ti`.
Q2348[14, z \ 2.279
This very metal poor system was Ðrst discussed by Pettini et al. (1994) and has been previously observed at high resolution by Pettini, Lipman, & Hunstead (1995) . The velocity plots are given in Figure 18 , and Table 19 lists the measured ionic column densities for this system. In Figure  19 we plot the Lya transition for this system. Overplotted are Voigt proÐles centered at z \ 2.2794 with log N(H I) \ 20.56^0.075 corresponding to the measurements made by Pettini et al. (1994) . Although the proÐles provide a reasonable Ðt to the left wing of the damped proÐle, the Ðt for v [ 750 km s~1 is clearly inconsistent for all of the assumed N(H I) values. It is very difficult, however, to continuum Ðt an order of HIRES data that includes a damped Lya proÐle ; it is easier to Ðt intermediate resolution data. Therefore, we adopt log N(H I) \ 20.56^0.075 from the Pettini et al. analysis but note in passing that this may be an overestimate of the true N(H I) value. Comparing our derived chemical abundances with the work of Pettini et al. (1995) , we Ðnd reasonable agreement and note that we have improved on their limits in a few cases (e.g., N and S).
The system is exceptional for a number of reasons. First, it is one of the few systems where we have a measurement of N(S`) based on the S II j1259 transition. As discussed for the damped system toward Q0347[38, S/Fe is an excellent diagnostic of dust depletion. Here we Ðnd [S/FeFe] \ 0.17 dex, which argues strongly against dust depletion if the system has an underlying Type II SN pattern. Second, the system exhibits two distinct low-ion features, one at v B [100 km s~1 (feature 1 ; this feature was not resolved in previous observations) and the more dominant at v B 0 km s~1 (feature 2). Feature 1 is present in all of the Si II transitions and is the strongest feature in the Al III, C IV, and Si IV proÐles. Comparing N(Si`) for the two features in the Si II j1526 proÐle, we Ðnd At the N(Si`) 1 /N(Si`) 2 \ 0.18. same time, however, the feature is entirely absent in the O I j1302 and Fe II j1608 The velocity plots and column densities for the z \ 2.095 system are presented in Figure 20 and Table 20 , and those for the z \ 2.154 are given by Figure 21 and Table 21 . Both are part of the LBQS statistical sample, and we have taken the H I column densities from Wolfe et al. (1995) : log N(H I) \ 20.7^0.1 for the z \ 2.095 system and log N(H I) \ 20.3^0.1 for the z \ 2.154 system. The S/N is relatively low for most of the spectrum, and therefore abundances established on the weakest transitions are suspect, particularly those for Zn. We intend to make further observations of these two systems to improve the accuracy of our abundance measurements. for N(H I) indicated in the previous section and calculate N(X) by performing a weighted mean of all direct measurements, i.e., no limits or blends. Included in Table 22 are the abundance measurements for the damped Lya systems toward Q0201]36 and Q2206[19. In a few cases the values di †er from the published values in light of new oscillator strengths. It is well established both observationally and theoretically that the damped Lya systems are primarily neutral (Viegas 1994 ; Prochaska & Wolfe 1996) . Therefore we perform no ionization corrections in determining the abundances from the ionic column densities of the low ions. Figure 22 presents the abundance patterns for the most common elements in our full sample. We have chosen not to include error bars for presentation purposes ; the derived errors are less than 0.1 dex with only a few exceptions. Following Lu et al. (1996) In the following, we discuss the evidence for dust depletion and Type II supernova enrichment in light of the observed damped Lya abundance patterns. The former is determined by comparing against abundance patterns in depleted ISM clouds (Savage & Sembach 1996) , whereas the latter is assessed by comparing against the abundance patterns of metal-poor halo stars presumed to exhibit nucleosynthetic patterns typical of Type II supernovae (McWilliam 1997) . First, consider the top two panels of Figure 22 , which lend support to the presence of signiÐcant dust depletion in the damped Lya systems. As described throughout the paper, the overabundance of Zn to Fe relative to solar abundances is suggestive of dust depletion both because (1) Zn is largely undepleted in dusty regions within the ISM whereas Fe is heavily depleted and (2) [Zn/Fe] B 0 dex for stars of all metallicity observed within the Galaxy (Sneden, Gratton, & Crocker 1991) . Similarly, the Ni/Fe ratio is signiÐcantly lower than metal-poor halo stars, which is consistent with Ni being more heavily depleted than Fe in depleted regions of the ISM. Lu et al. (1996) have argued that the underabundance is primarily due to an error in the oscillator strengths for the Ni II transitions.
ABUNDANCE PATTERNS
Although a recent analysis by & Federman (1998) Zsargo indicates that the Ni II f values are poorly determined, it is not clear whether this can entirely account for the discrepancy between the damped Lya observations and the metalpoor halo star abundances. For our analysis, we have adopted the updated f values from & Federman Zsargo (1998)Èwhich does include a decrease in by a factor of f 1714 1.34Èyet a signiÐcant underabundance of [Ni/Fe] is still apparent. Therefore it is unclear whether errors in the oscillator strengths can fully resolve the discrepancy between the observed Ni/Fe pattern and that predicted for Type II SN yields.
In contrast to the top two panels, the middle panels and the Al/Fe abundance pattern are generally consistent with both dust depletion and Type II SN enrichment. As empha- sized by Lu et al. (1996) , the overabundance3 of Si/Fe relative to solar is very suggestive of Type II supernova enrichment (McWilliam 1997 Although the abundances for Cr, Al, and Si versus Fe resemble those for the metal-poor halo stars, the patterns also tend to match the dust-depletion patterns of lightly depleted regions within the ISM (Savage & Sembach 1996) . In these regions, Si is overabundant relative to Fe, [Cr/ Fe] B 0.1 dex, and recent measurements of the Al to Fe ratio toward three OB stars (Howk & Savage 1999) (Fig. 23 ) reveals a positive correlation (the Pearson coefficient is 0.86 in log space with a null hypothesis probability of 0.003), consistent with that expected for dust depletion. However, if Zn is produced in the neutrino-driven winds of Type II SNe (Ho †man et al. 1996) , one may also expect a correlation between the abundance of Si and Zn relative to Fe. Now consider the observations of Ti/Fe (solid squares in the lower right hand panel), which pose a strong argument for Type II SN enrichment. As emphasized in Prochaska & Wolfe (1997a) , Ti is more heavily depleted than Fe in dusty regions within the ISM ), yet we Ðnd [Ti/Fe] º 0 in every damped Lya system where Ti is observed. As Ti is an a element, this argues strongly for the Type II SN interpretation. Lu et al. (1996) [ For the elements considered thus far, the abundance patterns are broadly consistent with a combination of Type II SN enrichment and an "" ISM-like ÏÏ dust-depletion pattern. This is not the case for sulphur. In the two cases from our full sample where we have accurate measurements for S/Fe we Ðnd (1) [S/Fe] \ 0.50^0.02 for the damped system at z \ 3.025 toward Q0347 [38 and (2) Synthesizing our results with those from previous studies, we contend the abundance patterns of the damped Lya systems lack any convincing single interpretation. On the face of it this may not be surprising, as one would expect some di †erences in their chemical evolution. Although this would explain variations of a particular X/Fe ratio, it is unlikely to account for any of the inconsistencies discussed thus far. Although the majority of the patterns are in excellent agreement with the Type II SN enriched halo star abundance patterns, Zn/Fe and Ni/Fe are clearly inconsistent and are very suggestive of dust depletion, albeit at considerably lower levels than that observed in dusty ISM clouds. An ISM-like dust-depletion pattern on top of solar abundances accounts for a majority of the observations but fails for Mn/Fe and Ti/Fe. Attempts to match the observed abundance patterns with a combination of dust depletion and Type II supernova enrichment have been largely unsuccessful Kulkarni et al. 1997 ; Vladilo 1998 At the heart of these questions lies the physical nature of the damped Lya systems. If dust depletion is playing a principal role, then perhaps the damped systems are tracing gas-rich galaxies not unlike the Magellanic Clouds (Welty et al. 1997) , whereas an underlying Type II SN pattern is more suggestive of the progenitors of massive spiral galaxies. What steps can be taken to resolve these issues ? First, the overabundance of Ti/Fe must be conÐrmed. A more accurate measurement of the Ti II j1910 f values would be particularly useful. This could be achieved by performing observations of a system showing both the Ti II j1910 and Ti II j3073 transitions. Unfortunately, at present this requires high-S/N, high-resolution observations at wavelengths exceeding 9000 (i.e., z B 2). One could much more A easily measure [Ti/Fe] in a few low-z systems via the Ti II j3073 transition, but the majority of these systems exhibit [Fe/H] [ [1 dex (Pettini et al. 1999 ) and therefore may not o †er a fair comparison with the metal-poor halo stars. It is interesting to note, however, that the presumed damped system at z \ 0.75 toward Q2206[19 has [Ti/Fe] \ 0.27 dex, which indicates an underlying Type II SN abundance pattern (Prochaska & Wolfe 1997a) . Second, one can look to the relative abundances of the a elements S, Si, O, and Ti to investigate consistency with the metal-poor halo star patterns. Thus far the few data points we have are consistent with the Type II SN interpretation ([S/Si] B 0.2 dex and [Si/Ti] B 0.1 dex). Third, the conclusions we have drawn from the S/Fe ratio are based on very few damped Lya systems. Given the importance of this particular ratio, further measurements of sulphur would be particularly enlightening. Finally, a more detailed abundance analysis of the lowest metallicity systems would allow one to investigate the chemical evolution of the damped systems. Assuming that the extremely metal-poor systems are the least depleted, they should provide the most accurate indication of the underlying nucleosynthetic pattern.
METALLICITY
We now turn to examine the metallicity of our sample of damped systems. Given the debate on the presence of dust in the damped Lya systems, we will consider both Zn/H and Fe/H. break in [SFe/HT] at z B 3. Formally, our data do not support their conclusion, but the fact that the high-redshift [SFe/HT] value is dominated by only three systems (Q0000 [26, Q0019[15, and Q0347[38) suggests that our result is probably su †ering from small number statistics.
SUMMARY AND CONCLUSIONS
We have presented accurate ionic column density and abundance measurements for 19 damped Lya systems observed with HIRES on the 10 m W.M. Keck Telescope. Throughout the paper we have used the apparent column density techniques to analyze the damped Lya proÐles and have adopted N(H I) values from the literature. The main results of the paper are summarized as follows.
1. The abundance patterns of our 19 systems match those observed by Lu et al. (1996) . Therefore, our analysis conÐrms their primary conclusion that the damped Lya systems exhibit abundance patterns representative of Type II SN enrichment with the major exception of [Zn/Fe] 2. A majority of the damped Lya elemental abundances are consistent with a dust-depletion pattern on top of an underlying solar abundance pattern. Observations of titanium and manganese, however, strongly contradict this interpretation. In every system where Ti is observed, we measure [Ti/Fe] º 0 dex consistent with the observed overabundance found in metal-poor halo stars and therefore suggestive of Type II SN enrichment. Similarly, the observed underabundance of [Mn/Fe] ) is opposite to the e †ects of dust depletion and therefore requires a nucleosynthetic explanation, albeit not necessarily Type II SN yields. Lu et al. (1997) Èwe expect that this inconsistency lies in the small number statistics of our high-z sample.
4. For a number of damped Lya systems in our sample (e.g., Q1331, Q0201, Q2348), we observe metal-line systems within 500 km s~1 of the damped system. In the case of Q2348, for example, a metal-line system exhibiting Si II, Si IV, and Al III transitions is located only 100 km s~1 from the strongest damped Lya component. The absence of Fe II and O I absorption and the Si II/Si IV ratio for this component, however, indicates that this system is signiÐcantly ionized. We believe that the same is true for the majority of these neighboring metal-line systems (the system at z \ 1.858 toward Q2230]02 is a notable exception). If they were identiÐed independently of the damped system, these systems would be very strong Lyman limit systems. Their coincidence with the damped system suggests that they lie within the halo enclosing the damped system or perhaps that of a neighboring protogalactic system. We expect that a detailed analysis of these systems may provide important insight into the physical conditions surrounding the damped Lya systems.
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